Abstract. The present study was conducted to screen serum exosomal microRNAs (miRNAs) for the early diagnosis of Kawasaki disease (KD) and to investigate their underlying mechanisms by analyzing microarray data under accession numbers GSE60965 [exosomal miRNA, including three pooled serum samples from 5 healthy children, 5 patients with KD and 5 patients with KD following intravenous immunoglobulin (IVIG) therapy] and GSE73577 (mRNA, including peripheral blood mononuclear cell samples from 19 patients with KD prior to and following IVIG treatment) from the Gene Expression Omnibus database. Differentially expressed miRNAs (DE-miRNAs) and genes (DEGs) were identified using the Linear Models for Microarray data method, and the mRNA targets of DE-miRNAs were predicted using the miRWalk 2.0 database. The functions of the target genes were analyzed using the Database for Annotation, Visualization and Integrated Discovery (DAVID). As a result, 65 DE-miRNAs were identified with different expression patterns between the healthy children and patients with KD and between patients with KD and patients with KD following IVIG therapy. The target genes of 15 common DE-miRNAs were predicted. Following overlapping the target genes of DE-miRNAs with 355 DEGs, 28 common genes were identified and further screened to construct a network containing 30 miRNA-mRNA regulatory associations. Of these associations, only miR-328-spectrin α, erythrocytic 1, miR-575-cyclic AMP-responsive element-binding protein 5/b-1,4-galactosyltransferase 5/WD repeat and FYVE domain-containing 3/cystatin-A/C-X-C motif chemokine receptor 1/protein phosphatase 1 regulatory subunit 3B, miR-134-acyl-CoA synthetase long chain family member 1/C-type lectin domain family 1 member A and miR-671-5p-tripartite motif containing 25/leucine rich repeat kinase 2/kinesin family member 1B/leucine rich repeat neuronal 1 were involved in the negative regulation of gene expression. Functional analysis indicated that the identified target genes may be associated with inflammation. Accordingly, serum exosomal miR-328, miR-575, miR-134 and miR-671-5p may act as potential biomarkers for the diagnosis of KD and the prediction of outcomes of the IVIG therapy by influencing the expression of inflammatory genes.
Introduction
Kawasaki disease (KD) is a common, acute, systemic vasculitis that occurs in children <5 years old in Asian populations, with estimated incidence rates of 264.8, 134.4, 66.24 and 71.9 per 100,000 children in Japanese (1), Korean (2), Taiwanese (3) and Chinese (4) populations, respectively. KD predominantly affects small-to medium-sized vessels, including coronary arteries (5) . If diagnosis is delayed and KD is left untreated, coronary artery lesions may develop in 25% of patients, which, in turn, increases the formation risk of coronary artery aneurysms (CAAs) and, subsequently, can induce coronary artery thrombosis, myocardial infarction or even sudden death (6, 7) . Intravenous immunoglobulin (IVIG) infusion is an effective, first-line therapy for KD (8) . However, ~30% of cases have been reported to be unresponsive to IVIG, and additional therapy is required (9) . If patients who are unresponsive to IVIG therapy are not identified in a timely manner, CAAs may still develop (10) . Therefore, the early diagnosis of KD and the prediction of the therapeutic outcomes of IVIG are important issues.
At present, the diagnosis and evaluation of therapeutic effects primarily depend on clinical symptoms (including fever for ≥ five days, conjunctivitis, erythema of the lips and oral mucosa, extremity swelling, rash and cervical lymphadenopathy) (11) , and ultrasonic imaging results (including QT interval dispersion) (12) . However, these presentations overlap with other febrile illnesses in childhood (including Serum exosomal miR-328, miR-575, miR-134 and miR-671-5p as potential biomarkers for the diagnosis of Kawasaki disease and the prediction of therapeutic outcomes of intravenous immunoglobulin therapy XIAOFEI ZHANG 1 , GUANGDA XIN 2 and DAJUN SUN 3 Departments of 1 Pediatrics, epistaxis, scarlet fever, bovillae or juvenile idiopathic arthritis) and, therefore, are not specific (13) . In addition, accumulating evidence indicates that the development of KD may be associated with the abnormal activation of the immune system and inflammation (14, 15) . Several inflammatory cytokines in the serum [including tumor necrosis factor α (TNF-α), interleukin (IL)-6, IL-17, IL-22 and IL -23] have been suggested to be biomarkers for the diagnosis of KD and IVIG therapy (16) (17) (18) . However, certain studies reported that inflammatory markers are also non-specific and usually decreased in patients who are unresponsive to initial therapy (19, 20) . Therefore, novel biomarkers for the diagnosis of KD and for the prediction of therapeutic effects are required. MicroR NAs (miR NAs) a re endogenous, small, non-coding RNAs (~19-22 nucleotides in length) that serve roles in the regulation of diverse physiological and pathological processes through the complementary binding of target genes in the 3'untranslated region, for cleavage or translational repression (21) . Furthermore, miRNAs can be present in the serum due to resistance against ribonuclease digestion and serum miRNAs are stable with consistent levels among individuals of the same species (21) . Therefore, serum miRNAs that regulate the expression of inflammatory genes may serve as potential biomarkers for the diagnosis of KD and the prediction of therapeutic outcomes. This hypothesis has been supported by recent studies. Using miRNA microarray assays, Yun et al (22) demonstrated that miR-200c and miR-371-5p were significantly upregulated in children with KD, compared with controls. Further, Zhang et al (23) observed that serum miR-200c and miR-371-5p levels were significantly increased in patients with KD who were unresponsive to IVIG therapy compared with patients with KD who exhibited a good response to IVIG therapy. The combination of serum miR-200c and miR-371-5p exhibited high predictive values for the diagnosis of patients with KD [area under the curve (AUC)=0.95] and for those with an excellent IVIG response (AUC=0.97) (23) . Furthermore, Yun et al (22) predicted that miR-200c and miR-371 may be involved in KD by targeting the regulation of a series of inflammatory response genes. In addition to their intracellular presence, miRNAs can also be enveloped into nanoparticles, termed exosomes, which maintain the integrity of miRNAs and transfer the miRNAs to recipient cells, influencing their phenotypes (24) . Therefore, serum exosomal miRNAs may represent important biomarkers for various diseases (24) . To date, exosomal miRNAs have been demonstrated to be useful in the early diagnosis of several cancers (25, 26) . The studies on KD and the IVIG therapy remain rare, except for the study by Jia et al (27) , which identified four exosomal miRNA biomarkers, including miR-1246, miR-4436b-5p, miR-197-3p and miR-671-5p. The roles and mechanisms through which these miRNAs may act were not investigated.
Several studies reported that the addition of serum induces the production of pro-inflammatory cytokines (IL-1Ra, IFNα, IL-6, TNF-α and C-C motif chemokine 20) by peripheral blood mononuclear cells (PBMCs) (28) (29) (30) (31) , indicating that serum-secreted factors (including exosomes) may be of importance in maintaining this function. This hypothesis was indirectly demonstrated by the following studies.
Harshyne et al (32) demonstrated that exosome-enriched fractions from sera of patients with glioblastoma are capable of inducing scavenger receptor cysteine-rich type 1 protein M130 expression in normal monocytes. Zhou et al (33) demon-33) demon-) demonstrated that serum exosomes primed macrophage polarization towards the M2 phenotype. Accordingly, the present study hypothesized that serum exosomal miRNAs may be involved in KD by influencing the genes expressed by PBMCs.
The aim of the present study was to further analyze the exosomal miRNA microarray data established by Jia et al (27) and to predict their functions by overlapping their predicted target genes with differentially expressed genes (DEGs) in PBMCs (34) . Compared with the study by Jia et al (27) , the cut-off value [log fold change (FC) ≥6 vs. FC >200] for screening differentially expressed miRNAs (DE-miRNAs) was broadened to identify an increased number of exosomal miRNAs.
Materials and methods
Microarray data. The miRNA microarray data were collected from the Gene Expression Omnibus (GEO) database (www.ncbi.nlm.nih.gov/geo), under the accession number GSE60965, which included the exosomal miRNA profiles of three pooled serum samples collected from 5 healthy children [the normal (N) group], 5 patients with Kawasaki disease (the KD group) and 5 patients with KD following IVIG therapy (the IVIG group) (27) . The microarray platform was GPL16730 Agilent-039659 hs_miR_18_addvirus 038169.
The mRNA microarray dataset was also available from the GEO database, under the accession number GSE73577, in which PBMCs samples of 19 patients with KD were investigated prior to and following IVIG treatment (34) . This dataset was dependent on a two-channel microarray platform (GPL4133, Agilent-014850 Whole Human Genome Microarray 4x44K G4112F), and two repeats were performed for each patient.
Data normalization and the identification of DE-miRNAs and
DEGs. The raw data from the two datasets and the annotated symbols were downloaded from the corresponding platforms. All expression values were logarithmically transformed (base 2) and quantile normalized using the Bioconductor preprocessCore package (version 1.28.0; www.bioconductor. org/packages/release/bioc/html/preprocessCore.html) (35) .
Since one pooled sample per group was used for the analysis of exosomal miRNA profiles, the DE-miRNAs between the N and KD groups and between the KD and IVIG groups were only screened by calculating the logFC value. |logFC|≥6 was set as the threshold value. Further, a Venn diagram was built using the Bioinformatics and Evolutionary Genomics online tool (bioinformatics.psb.ugent.be/webtools/Venn) to determine the overlap between DE-miRNAs that were upregulated or downregulated in the KD group compared with the N group and DE-miRNAs that were downregulated or upregulated in the IVIG group compared with the KD group, so that the DE-miRNA alterations that were observed in the KD group and were reversed by IVIG could be identified.
The DEGs of patients with KD prior to and following IVIG treatment were identified using the Linear Models for Microarray data (LIMMA) package (v.2.16.4; bioconductor.org/packages/release/bioc/html/limma.html) (36) in the Bioconductor R software environment (v.3.4.1; http://www.R-project.org/). The P-values of the DEGs were calculated using Student's t-test. P<0.05 and |logFC|>0.5 were considered the cut-off criteria.
A heat map of DE-miRNAs and DEGs was plotted using the pheatmap R package (v.1.0.8; cran.r-project. org/web/packages/pheatmap/index.html), based on a bidirectional hierarchical clustering analysis with Euclidean distance (37) .
Target gene predictions for DE-miRNAs. mRNA targets of DE-miRNAs were predicted using the miRWalk database (v.2.0; zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2), which includes 12 prediction algorithms (DIANA-microTv4.0, DIANA-microT-CDS, miRanda-rel2010, mirBridge, miRDB4.0, miRmap, miRNAMap, PicTar2, PITA, RNA22v2, RNAhybrid2.1 and Targetscan6.2). Only the miRNA-target gene interactions predicted by ≥ four algorithms were collected to construct a regulatory network and visualized using Cytoscape software (v.2.8; www.cytoscape.org) (38) .
In addition, the target genes of DE-miRNAs and DEGs were analyzed using a Venn diagram (bioinformatics.psb. ugent.be/webtools/Venn) to identify the overlapping genes. The shared DE-miRNA-target interactions were also visualized using Cytoscape software (v.2.8; www.cytoscape.org) (38) .
Functional enrichment analysis.
To analyze the potential functions of identified target genes, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were performed using the Database for Annotation, Visualization and Integrated Discovery (DAVID) 6.8 online tool (david.abcc.ncifcrf.gov) (39) . P<0.05 was considered to indicate a statistically significant difference.
Results

Identification of exosomal DE-miRNAs.
According to the threshold of |logFC|≥6, 86 exosomal DE-miRNAs were identified between the N and KD groups, including 49 that were upregulated and 37 that were downregulated, while 77 DE-miRNAs were identified between the KD and IVIG groups, including 30 that were upregulated and 47 that were downregulated.
Following overlapping the DE-miRNAs that were upregulated in the KD group compared with the N group with the DE-miRNAs that were downregulated in the IVIG group compared with the KD group, 45 common DE-miRNAs were obtained. A total of 20 common DE-miRNAs were identified when the DE-miRNAs that were downregulated in the KD group compared with the N group were overlapped with the DE-miRNAs that were upregulated in the IVIG group compared with the KD group ( Fig. 1A ; Table I ). These results suggested that these 65 shared DE-miRNAs may be biomarkers for the development of KD and could be reversed by IVIG. Therefore, they may also be used as biomarkers for evaluating the effectiveness of IVIG. These DE-miRNAs could clearly distinguish between the three groups, and the N and IVIG groups were clustered identically (Fig. 1B) .
Target genes for DE-miRNAs. To understand how these 65 exosomal miRNAs may influence the pathogenesis of KD, their target genes were predicted using the miRWalk 2.0 database. As a result, only 1,192 potential targets for the 15 DE-miRNAs were identified and no targets were predicted for the remaining 50 DE-miRNAs.
To indirectly demonstrate that the potential target genes of the identified DE-miRNAs were indeed differentially expressed in KD, and, since the present study hypothesized that exosomal DE-miRNAs in serum may serve roles in KD by regulating immune cells, the mRNA expression profiles from PBMCs of patients with KD prior to and following IVIG treatment were also investigated. As a result, 355 DEGs were screened, including 35 that were upregulated and 320 that were downregulated ( Fig. 2A) . Following overlapping these DEGs with the predicted target genes of the DE-miRNAs, 28 common DEGs were obtained ( Fig. 2B ; Table II) , which constituted a network containing 30 miRNA-mRNA regulatory associations. Of these, only miR-328-spectrin α, erythrocytic 1 (SPTA1), miR-575-cyclic AMP-responsive element-binding protein 5 (CREB5)/β-1,4-galactosyltransferase 5 (B4GALT5)/WD repeat and FYVE domain-containing 3/cystatin-A/C-X-C motif chemokine receptor 1 (IL8RA)/protein phosphatase 1 regulatory subunit 3B (PPP1R3B), miR-134-acyl-CoA synthetase long chain family member 1 (ACSL1)/C-type lectin domain family 1 member A and miR-671-5p-tripartite motif containing 25/leucine rich repeat kinase 2 (LRRK2)/kinesin family member 1B/leucine rich repeat neuronal 1 were involved the negative regulation of expression (Fig. 3) . Table IV ).
The target genes of DE-miRNAs that overlapped with DEGs were also subjected to analysis by DAVID for functional prediction. Only one significant GO-BP term (GO:0060828, regulation of canonical Wnt signaling pathway, including LRRK2; Table III ) and KEGG pathway (hsa00512: Mucin type O-Glycan biosynthesis, including B4GALT5; Table IV) were enriched.
Discussion
The present study demonstrated that exosomal miR-328, miR-575, miR-134 and miR-671-5p in serum may be used as biomarkers for the diagnosis of KD and for the prediction of therapeutic outcomes of the IVIG therapy. miR-328 was upregulated, and miR-575, miR-134 and miR-671-5p were downregulated in patients with KD. These trends were reversed following IVIG treatment, leading to downregulation of miR-328, and upregulation of miR-575, miR-134 and miR-671-5p. The present study identified novel exosomal miRNAs (miR-575 and miR-134), in addition to those reported in the study by Jia et al (27) (miR-328 and miR-671-5p).
There have been a few studies that have investigated the miRNAs in KD prior to and following IVIG therapy (22, 40, 41) . However, the roles of miR-328, miR-575, miR-134 and miR-671-5p remain unclear. Previous studies have suggested that some of these miRNAs are predictors for coronary artery diseases (42, 43) . He et al (42) demonstrated that elevated plasma miR-328 levels could distinguish between patients with acute myocardial infarction (AMI) and the control group, with an AUC of 0.887. Wang et al (43) also reported good diagnostic performance of miR-328 in plasma (AUC=0.810) and in whole blood (AUC=0.872) for patients with AMI. These results suggested that the miRNAs selected in the present study may identify the presence of cardiovascular lesions in KD. Although previous evidence indicated that miR-134 may serve a diagnostic role in AMI, this result was not consistent with the results of the present study (miR-134 was previously upregulated in AMI, but was downregulated in the present study) (42, 44) . This difference may be attributed to the difference in the miRNA spectrum between the plasma and serum (45) , or between the whole serum and the exosomal fraction. Therefore, further clinical studies are needed to confirm the diagnostic value of the exosomal miRNAs identified in the present study. These genes included top 10 differentially expressed genes and 28 differentially expressed genes that overlapped with target genes of differentially expressed microRNAs. DEGs, differentially expressed genes; KD, Kawasaki disease. CCNT2, NCBP2, HLF, POLR2E, STAT5B, TAF9B, MITF, SOX2,  polymerase II promoter  ONECUT2, NFKB1, EHF, CTCF, NFYA, GLI3, ATF1, ZIC3, CRX,  TFAM, MAX, DDX21, VEZF1, MYF6, ZNF831, EGR2, FOXJ2,  CEBPD, SOX11, SNAPC3, SMAD4, CREB5, SIX4, GRHL2, GTF2H1,  TRPS1, TFAP2B, IRF2, NEUROD1 , TFAP2C, PBX3, FOXI1 CREBL2, IKZF4, KLF6, TRIP4, IKZF1, RFX5, SMAD4, ZNF521,  ZNF320, ZNF585A, ZNF627, CSRP3, TET1, FOXP2, ZNF419,  ZNF417, PNRC1, JAZF1, ZNF318, PHF6, CCNT2, PPARD,  ZNF518B, ZNF81, ARID4B, ZFP42, E2F8, ZNF10, ZBTB38,  PCGF5, HIF1AN, BRD9, ZNF281, NFKBIZ, TBL1XR1, ZNF33A,  EGR2, ZNF354A, ZNF354C, ZFY, ZFX, SF1, RB1, ESR2, ZBTB26,  PURB, GTF2H1, CHMP1A, BRWD1, HIPK2, ZNF711, ZNF480,  LIN54, ZNF740, POLR2E, LIN9, SCML2, ZNF660, CHD7,  ZSCAN22, NR1D2, RB1CC1, NPAT, GATAD2A, PRKAA2,  ZNF470, BAHD1, ZNF267, TBX3, PPHLN1, CEBPD, NLK,  ZNF770, ZFP1, ZNF667, TRIM27, BIRC5, ATMIN, ZNF665, RLF,  ATRX, ATXN3, SFPQ, RBAK, ZBTB5, NHLH2, ZNF461, SETD7,  NEUROD4, PBX2, ZNF766, TP53INP2  GO polymerase II  HSBP1, ZNF254, GLI3, CRY1, DLG1, ZNF281, TBL1XR1, SATB2,  promoter  SOX11, MTA2, RXRA, HNRNPA2B1, RB1, ESR2, PURB,  ACVR2B, TRIM33, VEGFA, HIPK2, TFAP2B, TGIF2, TFAP2C,  FGFR2, USP9X, TAF9B, SOX2, CDC73, ARX, NIPBL, GATAD2A,  IKZF1, TBX3, RFX5, PTPN2, SMAD4, TRIM27, FOXP2, DLX1,  DKK1, SFPQ, TRPS1, JAZF1, IRF2, The present study also predicted that the selected miRNAs may be involved in KD by regulating the inflammatory target genes expressed in PBMCs. CXCR1 was one of the targets and previous studies have reported that IL-8 and its receptors, CXCR1 and C-X-C chemokine receptor type 2, were upregulated in patients with KD (46) and in coro-46) and in coro-) and in coronary artery diseases (47) . By binding to CXCR1, IL-8 may promote the production of other inflammatory mediators through the activation of the p38-mitogen-activated protein kinase/extracellular signal-regulated kinase-nuclear factor (NF)-κB pathways (48) , which may subsequently induce apoptosis in vascular endothelial cells, a potential mechanism for KD (49) . In addition, transcription factor CREB was also reported to enhance inflammation by inducing IL-17A production and promoting coronary artery diseases, including atherosclerosis (50) . B4GALT family genes encode enzymes for the biosynthesis of different glycoconjugates and saccharide structures and are involved in protein glycosylation (51) . Lactosylceramide synthesized by B4GALT6 in astrocytes activated central nervous system (CNS)-infiltrating monocytes, in a non-cell-autonomous manner, by regulating granulocyte-macrophage colony-stimulating factor, resulting in chronic CNS inflammation (52) . PPP1R3B is a gene encoding the hepatic glycogen-targeting subunit of protein phosphatase-1 (PP1), which targets PP1 to glycogen synthase, increasing the activity of this enzyme in the skeletal muscles and liver (53) . It has been previously demonstrated that increased glycogen accumulation is associated with obesity-linked inflammation in humans (54) . LRRK2 deficiency was reported to attenuate the lipopolysaccharide-induced expression of inducible nitric oxide synthase, TNF-α, IL-1β and IL-6 through inhibition of the p38 mitogen-activated protein kinase, and NF-κB pathways, and to alter neuroinflammation (55) . ACSL1 enzyme catalyzes the thioesterification of fatty acids and is a marker of inflammatory activation. It has been reported that the inflammatory phenotype of diabetic mice is associated with the increased expression of ACSL1 (56) . Myeloid-selective deletion of ACSL1 protects monocytes and macrophages from the inflammatory effects of diabetes and prevents accelerated atherosclerosis (56) . Heterozygous loss of spectrin in mice lead to increased expression levels of IL-1α and IL-1β through the activation of signal transducer and activator of transcription 3 (57) . Accordingly, the present study hypothesized that miR-328 may exhibit pro-inflammatory effects through the downregulation of SPTA1, and miR-575, miR-134 and miR-671-5p may exhibit anti-inflammatory effects, leading to the upregulation of CREB5, IL8RA, PPP1R3B, ACSL1 and LRRK2 in KD.
There are certain limitations that should be acknowledged when interpreting the results of the present study. Firstly, the sample size for screening exosomal miRNAs for KD was not large, and an increased number of samples should be analyzed in future studies. Secondly, although several exosomal miRNAs have been suggested as potential biomarkers for the diagnosis of KD and the prediction of therapeutic outcomes for IVIG therapy, further confirmation in clinical samples is necessary. Thirdly, negative associations between miRNAs and their target genes were revealed in the present study, however, in vitro and in vivo experiments are necessary to validate these results. Fourthly, the exosomal mechanisms of these four miRNAs remain to be elucidated.
In conclusion, the present study preliminarily revealed that exosomal miR-328, miR-575, miR-134 and miR-671-5p may serve as biomarkers for the diagnosis of KD and the prediction of therapeutic outcomes for IVIG therapy by influencing the expression levels of inflammatory genes.
